Comorbidity scores have improved our ability to predict the outcome after T-cell-replete allogeneic hematopoietic stem cell transplantation (HCT). 1 Prediction tools such as the Sorror Hematopoietic Cell Transplantation-Specific Comorbidity Index (HCT-CI) have been developed and validated in conventional T-replete HCT. [2] [3] [4] Ex vivo T-cell depletion (TCD) of the graft improves the tolerability of HCT and may be affected differently by factors determined to affect the T-cell-replete HCT outcome. 5, 6 The European Group for Blood and Marrow Transplantation (EBMT) risk scores may be used to assign risks of conventional T-replete HCT to an individual patient. 7 Lodewyck et al. 8 evaluated the utility of the EBMT score in T-cell-depleted unrelated donor transplantation for acute leukemia and myelodysplasia. Peripheral blood absolute lymphocyte/monocyte ratio (LMR) has also been shown to predict clinical outcomes in patients with lymphoma receiving autologous HCT. [9] [10] [11] We therefore evaluated published comorbidity measures and other standard clinical biomarkers of outcome in a series of patients with hematologic malignancies undergoing myeloablative TCD transplants. Pretransplant factors measured were: HCT-CI, EBMT risk scores, Eastern Cooperative Oncology Group (ECOG) Performance Status, serum C-reactive protein (CRP), albumin, pre-albumin, ferritin, absolute lymphocyte count (ALC), absolute monocyte count (AMC) and LMR. LMR was calculated from the pretransplant (week -2) complete blood cell count. This is a single-institute retrospective study of 79 consecutive patients with hematologic malignancies undergoing myeloablative TCD HCT between October 2006 and March 2012. All patients received a myeloablative preparative regimen. G-CSF-mobilized PBSC from their HLA-identical sibling donors underwent CD34 + selection. Overall survival (OS) probabilities were estimated by the Kaplan-Meier method and compared using the log-rank test. Univariate and multivariate Cox proportional hazards regression models were used to identify factors associated with OS and non-relapse mortality (NRM). Nonlinear continuous covariates were optimally categorized by the classification and regression tree method based on the Gini index and cross-validation. 12 In the final multivariate Cox model, backward variable selection was used to eliminate the unimportant factors. To compare the competing models and evaluate the added predictive ability of new risk factors beyond traditional risk indicators, the increment in the C-statistic (area under the receiver operating characteristic (ROC) curve) and a continuous category-free form of the net reclassification improvement (NRI) were calculated. 13 Statistical analyses were performed using the R statistical software, version 3.1.2 (R Foundation for Statistical Computing, Vienna, Austria).
We studied a cohort of 79 patients with hematological malignancies receiving an HLA-identical sibling T-cell-depleted HCT. Univariate Cox regression was used to examine all potential factors associated with mortality. Kaplan-Meier estimate of OS by HCT-CI ⩾ 5 was significantly different compared with HCI-CI ⩽ 4 (unadjusted hazard ratio (HR) 2.09, 95% confidence interval (CI) 1.10-3.96, P = 0.02, Figure 1a ). Of note, when LMR was dichotomized around a median of 3, the OS estimates for LMR o 3 and LMR ⩾ 3 were statistically significant (unadjusted HR 1.91, 95% CI 1.05-3.46, P = 0.03, Figure 1b) . However, further analysis revealed that a cutoff value of 25 divided the patients with LMR ⩾ 3 into two different groups with estimated OS 10% for LMR425 and OS 66.7% for LMR 3-25 (P o 0.001, Figure 1c ), and unadjusted HR 2.89 (95% CI 1.41-5.92, P = 0.004) for LMR o 3 and 3.87 (95% CI 1.59-9.42, P = 0.003) for LMR425 compared with LMR 3-25, respectively. In addition, we compared the ROC curves and C-statistics (area under the curve (AUC)) of using either a dichotomous LMR or a three-category LMR to predict 5-year OS. The three-category (o 3, 425 vs 3-25) LMR was more predictive of OS compared with the dichotomous (o 3 vs ⩾ 3) LMR (ΔC-statistic was 0.12 (P = 0.018). Moreover, LMR low-risk (3-25) and high-risk ( o3 or 425) levels further significantly stratified the mortality risk in the survival estimates for HCT-CI ⩽ 4 and HCT-CI ⩾ 5 subgroups (Figure 1d ).
Multivariate Cox regression was used to adjust for potential confounding factors such as age, protocol and to examine the association of HCT-CI and EBMT risk scores and pretransplant biomarkers with mortality. Only HCT-CI and LMR categorical factors were selected in the final model using a backward variable selection procedure. Table 1 presents and compares three multivariate models. Model 1 contains age, protocol and EBMT score. In Model 2, we added HCT-CI score to Model 1; in Model 3, we added LMR to Model 2. The C-statistics for Models 1-3 were 0.55, 0.63 and 0.79, respectively, with significant improvement between Models 1 and 3 (ΔC-statistic = 0.24, P = 0.002) and between Models 2 and 3 (ΔC-statistic = 0.16, P = 0.02). Both the incremental C-statistic and NRI analysis suggested that the addition of HCT-CI score and HCT-CI score plus LMR together improved the model discrimination and mortality risk prediction compared with the model with EBMT alone. Only HCT-CI (adjusted HR 3.18, 95% CI 1.56-6.49 for HCI-CI ⩾ 5) and LMR (adjusted HR 3.31, 95% CI 1.60-6.86 for LMRo 3; adjusted HR 6.20, 95% CI 2.28-16.9 for LMR425) were highly significant in the finally selected Model 3 (Table 1 ). Similar analysis was performed to identify the risk factors with NRM ( Table 1) . The multivariate analysis, controlling for age and protocol, showed neither Model 4 with EBMT score nor Model 5 after adding HCT-CI score was predictive of NRM with a low C-statistics of 0.56 and 0.58, respectively (Table 1) . Of note, HCT-CI score was also found to be a significant predictor of NRM after introducing LMR to the multivariate model (Model 6 in Table 1 ). This association was also suggested in the nonparametric estimate of cumulative incidence of NRM by HCT-CI and LMR.
On the basis of multivariate analysis results (Table 1) , we identified HCT-CI score and LMR as two significant predictive factors. A simple predictive score for CD34 + -selected myeloablative transplantation may be calculated by summation of scores derived from the HCT-CI (⩽4 = Score 0, ⩾ 5 = Score 1) and LMR (3-25 = Score 0, o 3 = Score 1, 425 = Score 2). A cumulative score of 0 is low-risk score; 1 is intermediate-risk score; and 2-3 is the highest-risk score. The predictive scores (range, 0-3) may differentiate three risk groups for HCT OS and NRM. The survival decreased (OS estimates were 78.3%, 40.4% and 10.5% for three Abbreviations: AUC = area under the receiver operating characteristic curve (ROC) curve; CI = confidence interval; EBMT = European Group for Blood and Marrow Transplantation; HCT-CI = hematopoietic cell transplantation-specific comorbidity index; HR = hazard ratio; LMR = absolute lymphocyte/monocyte ratio; NRM = non-relapse mortality.
a Age, protocol (06-H-0248 vs 07-H-0136), gender, disease-risk, CRP, ferritin, albumin, pre-albumin, ALC, AMC and ECOG performance score were examined in the multivariate model and were not significant. There were no missing values. risk groups, respectively, P o 0.001) and the NRM increased with increasing risk score (NRM cumulative incidence were 17.4%, 27.3% and 63.2% for three risk groups, respectively, P = 0.003). This is the first study to explore the potential of biomarkers to refine clinically based comorbidity scores in the prediction of outcome after CD34 + -selected (TCD) HCT. In multivariate analysis of our TCD HCT cohort, HCT-CI ⩾ 5 strongly predicted for higher overall mortality (HR = 3.18, P = 0.001) and higher NRM (HR = 3.58, P = 0.01) compared with a lower HCT-CI (Table 1) . Of the biological risk factors examined, LMR emerged as the most discriminatory biological risk factor. An extreme LMR of o3 or 425 was associated with increased overall mortality (HR = 3.31, P = 0.001 or HR = 6.2, P o0.001, respectively) as well as higher NRM (HR of 6.18, Po 0.001 and 8.47, P = 0.002, respectively). While the utility of HCT-CI is already well established in allogeneic transplantation, the LMR has not been explored in any allogeneic HCT setting, although there are reports associating LMR with outcomes in autologous HCT. 11 Among biomarkers, the LMR has the advantage of being routinely performed in all patients before HCT. Our interpretation of LMR is that the groups with highest (425) and lowest ( o3) LMR represent patients with very low monocyte counts and poor marrow function or very low lymphocyte counts associated with profound immunosuppression, respectively. Both extremes represent surrogates for poorer lympho-hematopoietic reserve or tissue damage from treatment. As the three-way segregation of the LMR gave the greatest discrimination between high and low risk (33, 67 and 10% OS), we tried to combine this with the independent variable HCT-CI to calculate a simple predictive outcome score that may discriminate most between success or failure of the transplant. This score may differentiate three risk groups for HCT with decreasing OS and increasing NRM as the score increases. The LMR appears to reflect host immunity and stem cell reserve. Our LMR data are derived solely from the routine clinical laboratory complete blood cell counts. Efforts to better understand mechanisms are ongoing, including lymphocyte subset analysis.
In conclusion, this is the first study exploring comorbidity scores and biomarkers after CD34 + -selected HCT. Our results suggest that HCT-CI score and LMR are important independent clinical predictors of OS and NRM in TCD HCT. The three-category ( o3, 425 vs 3-25) LMR was more predictive of OS and NRM compared with the dichotomous ( o3 vs ⩾ 3) LMR. The utility of these predictive factors will need to be validated on other larger cohorts of patients and in different HCT settings. If confirmed, these measures may be useful for stratifying clinical trials in ex vivo TCD HCT and counseling patients before HCT.
